The habitable zone (HZ) is the region around a star(s) where standing bodies of water could exist on the surface of a rocky planet. The classical HZ definition makes a number of assumptions common to the Earth, including assuming that the most important greenhouse gases for habitable planets are CO2 and H2O, habitable planets orbit main-sequence stars, and that the carbonate-silicate cycle is a universal process on potentially habitable planets. Here, we discuss these and other predictions for the habitable zone and the observations that are needed to test them. We also, for the first time, argue why A-stars may be interesting HZ prospects. Instead of relying on unverified extrapolations from our Earth, we argue that future habitability studies require first principles approaches where temporal, spatial, physical, chemical, and biological systems are dynamically coupled. We also suggest that next-generation missions are only the beginning of a much more data-filled era in the not-too-distant future, when possibly hundredsthousands of HZ planets will yield the statistical data we need to go beyond just finding habitable zone planets to actually determining which ones are most likely to exhibit life.
INTRODUCTION
Testing the universality of the carbonate-silicate cycle requires that missions measure the atmospheric CO2 pressures of HZ planets as a function of semi-major axis for different star types (e.g., [24] ). Trends can be determined with a sufficiently large statistical sample. Thus, if after observing many such systems, no evidence of such a trend is found, the idea can be falsified. Otherwise, this would be the best evidence for a universal carbonate-silicate cycle.
Another related idea is whether ocean worlds, with interiors that are rich enough in water (tens of percent of their mass) to form high-pressure ices on the sea floor, are potentially habitable [19] [20] [21] 25] . Lacking continents, the carbonate-silicate cycle would not operate on these worlds [26] . Volcanism would also be subdued by the higher interior pressures (e.g. [27] ).
However, the carbonate-silicate cycle could be replaced by one in which CO2 outgassing and ocean fluxes are balanced. Although phosphate availability may be a limiting factor for life in these worlds (e.g., [18, 28, 29] ), cold subpolar regions could establish freeze-thaw cycles that concentrate such nutrients, possibly permitting microbial habitability [20] . Ocean worlds could be easily distinguished from classical HZ planets by their lower interior densities and from planets with rich H-He envelopes by their reduced atmospheric scale heights [20] . If such ocean worlds exist, they would prove that the carbonate-silicate cycle is not essential for habitability.
What atmospheric compositions are best for characterizing the habitable zone?
Even should the carbonate-silicate cycle be a relatively common biogeochemical cycle throughout the cosmos, are CO2-H2O atmospheres necessarily common for HZ planets? For example, the idea that the classical HZ is for finding Earth-like life is not completely accurate. This is because CO2 levels near the outer edge of the habitable zone are high enough to be toxic to Earth plants and animals (e.g. [2, 30] ). Thus, we should question whether the HZ outer edge should really be determined by the maximum greenhouse effect of CO2.
This question is complex because planetary atmospheres contain additional greenhouse gases. Additional warming from secondary greenhouse gases (like CH4 and H2) would reduce the CO2 levels required for surface habitability, possibly making them less toxic for some forms of life.
For instance, volcanoes, particularly on planets with reduced mantles, can outgas voluminous amounts of hydrogen to complement CO2 and H2O warming, which can increase the HZ width by ~50% [12] . This idea had also been used to possibly explain the climate of early Mars (e.g. [31] ). Another notion suggests that habitable planets can acquire large (tens to hundreds of bars) primordial H2 envelopes, which would extend the outer edge of the solar system's HZ to nearly Saturn's orbit [11] . Such hydrogen-rich exoplanets (both CO2-H2 and primordial H2 planets) are considerably easier to observe via transmission spectroscopy than classical CO2 HZ planets [12, 32] , given the greater scale heights of the former.
Likewise, CH4 is predicted to be a decent warming agent on HZ planets orbiting hotter stars (>~4500 K), but unlike other gases, it cools the surface for HZ planets orbiting cooler stars [13] . Recent 3-D simulations of the TRAPPIST-1 planets support the latter result [33] . Thus, HZ planets with high enough CH4 levels orbiting cooler (mid-K to M) stars likely exhibit planetary surfaces that are too cold for life [13] . Such atmospheres would also be prone to atmospheric collapse [3] .
Therefore, CH4 may not be a good biosignature gas for HZ planets near the outer edge of cooler stars. Whereas methanogens are a good source of CH4 on Earth, it is a mistake to suggest that this must hold for other planets (e.g., Titan's CH4 is also abiotically-produced), especially around other stars. On the other hand, as long as CH4 levels are not high enough to produce a cooling haze [34, 35] , relatively high (percent level) CH4 concentrations on planets orbiting hotter stars could suggest inhabitance [13] . This is because such high CH4 concentrations are very difficult to achieve without life [13, 36] , with the possible exception of ocean worlds [37] .
Observations can reveal the effects of secondary greenhouse gases. Assuming that a universal carbonate-silicate cycle exists, discontinuities in the measured pCO2 gradient from the classical inner to outer edge may be evidence of secondary greenhouse gases [3] .
Although planets located near the outer edge of the CO2-H2 or CO2-CH4 HZ would be farther away and dimmer than those near the classical HZ outer edge (1.67 AU) ( Figure 1)[2] , the planet-star contrast ratio (defined as the ratio of planetary to stellar fluxes) at the CO2-H2 HZ outer edge (2.4 AU) declines by only a factor of (2.4/1.67) 2 ~2. Observing distances just beyond the outer limits of the classical HZ allows observations of TRAPPIST-1h, for instance [38] . It also permits sub-Earth sized planets near the classical HZ outer edge to be observed [3] . However, next-generation missions (and beyond) will need better wavefront stability to achieve such high contrast ratios. Ultimately, achieving this will require more investment in engineering and telescope design.
Moist greenhouses and abiotic oxygen buildup
At distances close to the inner edge, H2O molecules in the upper atmosphere dissociate rapidly enough to trigger a "moist greenhouse", desiccating a terrestrial planet with an Earth-like water inventory in ~ 4.5 Gyr (e.g., [2] ). With a 1-bar N2 (non-condensable) atmosphere on rapidly-rotating planets, this threshold occurs at a temperature of ~340 K (e.g. [2] ). However, this threshold occurs at even lower temperatures at lower non-condensable inventories [39] . Such a process also leads to build up of abiotic oxygen, which has been argued to suggest uninhabitable conditions [39] . However, the mean surface temperatures of such planets can be clement ( e.g., < 300K for a 0.1 bar N2 atmosphere), which suggests that life may be possible [3] . Missions should observe these planets to test both possibilities.
Some 3-D studies find that the moist greenhouse can be triggered at lower temperatures (< ~300 K) for tidally-locked planets ( [40, 41] ). Given the uncertainties in the treatment of clouds, convection, heat transport, and radiative transfer in climate models, observations are needed to provide more information.
The potential habitability of M-star systems
M-stars are currently the most popular targets in the search for potentially habitable planets. This is in spite of a host of problems plaguing their planetary habitability including: 1) tidal-locking unless atmospheres are thick enough (e.g. [42] ), 2) intense space weather (e.g. [43, 44] ), 3) high impact velocities that erode planetary atmospheres [45, 46] , 4) a possibly high occurrence of controversial ocean worlds (e.g. [26, 47] , but also see ref: [48] ) , 5) the cooling effect of CH4 on such planets ( [13] and see above), and 6) high pre-main-sequence superluminosity leading to early desiccation of HZ planets (e.g. [15, 17] ). This latter point is especially important for HZ definitions because most classical HZ studies have traditionally defined HZ boundaries for the zero-age or present-day HZ (e.g. [2, 4] ). However, many current M-star HZ planets were not in the HZ for the first tens of millions to up to billions of years after stellar formation, as they would have experienced a runaway greenhouse episode.
Thus, whereas the classical HZ suggests that M-star HZ planets could be habitable, the pre-main-sequence temporal evolution would actually predict such worlds to be uninhabitable deserts [15, 17, 48] , unless they had acquired sufficiently large stores of water (tens to hundreds of Earth oceans or more) during accretion (e.g., [47] ), migrated inward after the superluminous phase ended (e.g., [45] ), or were replenished in a subsequent "late heavy bombardment"-type event [15] . Earlier works had also suggested that abiotic oxygen may build up to higher levels on HZ planets orbiting pre-main-sequence M-stars than any other star type (e.g. [17] ) although magma oceans and atmospheric escape can remove such oxygen (e.g. [43, [49] [50] [51] ). For these reasons, we need to consider the temporal evolution of the HZ in assessments of habitability (e.g., [6, 15] ).
Nevertheless, M-stars should continue to be searched as they make up over half of our galaxy's stellar population (e.g., [52] ). Their improved planet-star contrast also makes their planets easiest to detect via current methods (e.g. transit, direct imaging, and radial velocity). Thus, next-generation ground-based and space-based telescopes can produce abundant data on planets orbiting M-stars (e.g., [53] ). Such missions would determine if M-star HZ planets have water vapor in their atmospheres, if any atmosphere at all.
The case for observing A-star systems
A-stars may harbor potentially habitable planets even though little has been published about their habitability. This is partially because they are far less common than M-stars, but also because the classical HZ limits had only been defined for F -M stellar systems (e.g., [2, 4] ), until recently [12, 13] . However, there are reasons to also observe A-stars in spite of their fewer numbers, as next-generation missions plan to do [54] . One problem with A-star systems is their short main-sequence lifetime (<~ 2Gyr). However, microbial life on our planet took no more than ~700 Myr to arise [55] , roughly equivalent to the main-sequence lifetime of an ~A3 star (~10,000 K)(e.g., [3] ). These lifetimes are still conservative as habitable conditions on our planet may have already been in place less than 200 Myr after its formation [56, 57] , far shorter than Astar main-sequence lifetimes. With their short main-sequence lifetimes, HZ planets may also shed light on the origin of life.
Moreover, A-star HZ planets do not share some of the problems suffered by HZ planets orbiting M-stars. For instance, A-stars are subluminous during their pre-main-sequence, which favors water retention. Planetary orbits for these systems are also wider and more distant, which favors lower, more clement impact velocities. Likewise, close-in tidally-locked HZ planets should be very unlikely. If ocean worlds are particularly common around M-dwarfs (see ref: [47] for reasons), that would suggest that they are less common around A-stars. Also, methane has the strongest warming effect on these planets, resulting in a relatively wider CO2-CH4 HZ as compared to any other star type [13] . Plus, anti-greenhouse hazes may not form on planets orbiting A-stars (or F-stars) [58] . Although A-stars emit high levels of far-UV radiation, which suggests intense surface radiation environments ( [59, 60] ), this does not preclude the existence of underwater or subsurface organisms. Their higher UV-C fluxes may also be favorable to prebiotic chemistry [61] .
CONCLUDING THOUGHTS
To conclude, we have provided several predictions expected by HZ theory (i.e. the universality of the carbonate-silicate cycle, CO2-H2O atmospheres, runaway greenhouses and abiotic O2 buildup, and the potential habitability of A-and M-star systems) and the observations needed to test them. Only observations can improve how we use the HZ or discard it in favor of better search metrics. Testing these theoretical predictions would require greater investments in telescope design, which would lead to (for example) the increase in wavefront stability that is needed to observe smaller and more distant terrestrial planets.
For instance, a near-future architecture may find ~50 planets in the HZ of A -M stars (e.g., [54, 62] ), which are great numbers for some statistical analyses (e.g., [63] ). With subsequent missions, we should aim to find hundreds, if not thousands of HZ planets to maximize the data return and improve our chances of finding life elsewhere. In time, the HZ can evolve from being a mere selection tool to becoming a true navigational filter capable of determining the HZ planets that are least likely to host life [3] . The gradual increase in data also improves our understanding of planetary atmospheres, which would be beneficial to all of astrophysics.
Finally, we should be careful about using our Earth to extrapolate about life on other planets, particularly those around other stars. The future of habitability studies will require first principles approaches where the temporal, spatial, geological, astronomical, atmospheric, and biological aspects of a planet's evolution are dynamically coupled [3, 64] . This, together with improved observations, is the key to making more informed assessments. In turn, only through better observations can we improve such theoretical models [65] . [13] shown alongside the extensions provided by the CO2-H2 (red) [12] and CO2-CH4 (green) [13] alternative HZ definitions. Some exoplanets and solar system planets are also shown. Reproduced from ref: [3] .
